FOR THE PAST several years our lab- oratory has been engaged in the systematic study of cardiac metabolism in the dog in various conditions of malnutrition, endocrine imbalance,1 and surgically induced valvular heart disease.2 Of particular interest has been the study of the contractile proteins of the heart in various states, including experimental chronic congestive heart failure.
This study was undertaken because of the inability of many investigators,3 including ourselves,4 to discover in either dogs or man with heart failure any evidence of a biochemical defect in the uptake of substrates from the coronary blood, the oxidation of these substrates to carbon dioxide and water, or in the process of oxidative phosphorylation. 5 The shortening of the myofibril in the contractile process involves the interaction of at least 2 contractile proteins, myosin and actin, with ATP. Hence, in view of the above negative evidence, it seemed important to study the properties of these proteins in hearts of animals in various states of cardiac compensation. Since appropriate samples of cardiac muscle from human subjects are very difficult to obtain immediately after death, From the Department of Biochemistry and Nutrition, Graduate School of Public Health, University of Pittsburgh, Pittsburgh, Pennsylvania. This work was supported by grants-in-aid from the American Heart Association and from the National Institutes of Health (H-1422).
*Deceased, May 29, 1960. it was necessary to study this problem in an experimental animal. This report presents the results of studies of the physicochemical properties of cardiac myosin isolated from normal dogs, from dogs with sodium retention after ligation of the inferior vena cava, and from dogs with chronic congestive heart failure from valvular disease. More detailed reports of these findings have appeared elsewhere.6' 7
Methods
Normal mongrel dogs, immunized upon arrival from the kennel and known to be in good health through observations in our animal colony over several weeks, served as the normal control group for this study. Dogs with inferior vena cava ligation (ICL) having marked sodium retention and ascites served as the second control group. This ICL group was a particularly good control group because these animals possessed normal cardiac contractility in the presence of sodium retention and altered aldosterone metabolism.8 9 In the first experimental group, congestive heart failure was produced in a series of animals by surgical avulsion of the tricuspid valve and stenosis of the pulmonary artery, essentially by the method of Barger, Roe, and Richardson.10 This combination of surgical lesions, which was accomplished in 2 stages at 3-week intervals, produced congestive heart failure in 60 per cent of the surviving dogs, with an operative mortality of less than 15 13 Blood gases and substrates were measured by methods previously described and the results of studies of the metabolic activity of the failing heart are reported elsewhere.14 At the conclusion of the physiologic measurements the plane of anesthesia was deepened by administration of additional Nembutal to permit a thoracotomy and institution of artificial respiration. The pericardium was opened and the animal sacrificed by rapid excision of the beating heart. The organ was immediately chilled in deionized water in 1 C. Generally, a ventricular ectopic rhythm persisted until the heart had been immersed in the cold water for a few seconds. After being fully chilled to 1 C. the heart was dissected in a cold room to remove fat and connective and atrial tissue. Both right and left ventricular tissue were combined and minced in a meat grinder at 4 C., and the myosin was isolated by the method previously described.6
Cardiac myosin was isolated from dogs in the 2 control and in the 2 experimental groups and characterized by a study of Three preparations of normal cardiac myosin and the myosin obtained from the failing heart were hydrolysed in 6N HCl, and their amino acid was analyzed by the method of Moore and Stein.16 ' 17 Results
Physiologic Studies
All the animals in this series with valvular disease showed generalized congestive heart failure at the time they were sacrificed for the study of cardiac myosin. Both the normal animals and the controls with inferior vena cava ligation showed no evidence of congestive heart failure.
In several of the animals operated upon, the development of failure was followed by measurements of end-diastolic pressures in the right and left ventricles. Results of a typical series of animals is presented in figure 1. After production of tricuspid insufficiency, end-diastolic filling pressure in the right heart was elevated from 2 to approxi- figure 1 ) the enddiastolic pressures on the right side remain only moderately elevated and the pressures on the left side remain normal. Some of these later animals had transient ascites.
Simultaneous left and right ventricular pulse tracings for a control dog and for 1 whose congestive heart failure was due to TI/PS are shown in figure 2. The net body weight, amount of ascites, cardiac index, coronary flow, and oxygen usage by the myocardium for the 2 control and 2 experimental groups are shown in table 1. Both the animals with inferior vena cava ligation and those with tricuspid insufficiency showed a below-normal reduction in cardiac output, whereas those with left heart disease showed an increase in cardiac output. Coronary flow was not significantly changed from normal in any of the groups, and the oxygen usage by the myocardium was likewise within normal limits.
The evidence for congestive heart failure in these animals may be seen by examining table 2 in which the atrial and ventricular pressures are reported. Both the normal control animals and those with inferior vena cava ligation controls showed essentially normal pressures in both chambers of the heart and no evidence of regurgitation into the right atrium. The animals with tricuspid insufficiency and pulmonary stenosis had a moderate right ventricular systolic hypertension (44 mm. vs. 30 mm. for the normal) and markedly elevated end-diastolic filling pressures. Regurgitation into the right atrium was marked in these animals, with the atrial systolic pressure reaching an average of 30 mm. of Hg. The left ventricle of these animals was also failing, indicated by the elevation of end-diastolic pressures in that chamber. In the 2 animals with left heart disease, there was evidence for left ventricular failure in terms of a marked elevated end-diastolic filling pressure. Some elevation of filling pressure was also noted in the right ventricle.
Physicochemical Studies
Results of the physicochemical studies are shown in figures 3, 4, 5, and 6, and are summarized in table 3 . The data in figure 3 show the dependence of sedimentation constant (upon concentration) for myosin isolated from the control dogs (normal and ICL) and from those with congestive heart failure.
The S020, Wfor the control animals was 6.16 ± 0.13 and for the animals in failure was 6.50 + 0.01, a difference that is on the border- units. On the other hand, myosin isolated from the failing heart shows a reciprocal behavior and appears to undergo aggregation in dilute solution to a high limiting viscosity number of 363 e.g.s. units. This behavior has also been noted by Davis et al. 18 The ATPase activity of the myosins from normal and failing heart muscle were not significantly different. The value for normal myosin was 382 68 microliters P/mg./hr. vs. 424 112 for the myosin from the failing heart.
From analyses carried out thus far, it would appear that the amino acid composition of myosin from normal heart, failing heart, and rabbit skeletal muscle are essentially indistinguishable on the basis of moles/100,000 Gm. protein. Representative data are shown in table 4. These data strongly suggest that the changes in molecular weight and other properties noted among the myosins represent changes in secondary and tertiary structure. Discussion The studies demonstrated conclusively that generalized cardiac failure can be induced in the dog by surgical production of tricuspid insufficiency and pulmonic stenosis. Elevation of end-diastolic filling pressures in the left heart as well as the right heart were noted in most of the dogs that have developed heart failure in our laboratory and all of these ani- mals selected for the study of cardiac myosin from the failing heart. This finding supports the studies of Barger, Roe, and Richardson19 of heart-lung preparations made from hearts obtained from animals whose clinical cardiac failure was due to TI/PS. They observed that such hearts failed quickly in vitro in a Starling heart-lung circuit. Not only were the hearts unable to maintain normal output when the right atrial venous supply was increased, but also they were unable to maintain a normal output when the "Starling resistance" was increased. These authors concluded that "On the basis of two experiments, it would appear that as in cardiac failure in the human, the involvement of one chamber may predominate early in the dis-ease, but with the progression of the disease decompensation of both chambers becomes apparent. "
Our studies are in contrast to those of Davis et al.20 in which the surgical production of tricuspid insufficiency and pulmonic stenosis lead to an elevation of right ventricular, but not left ventricular, end-diastolic pressures. These workers concluded that they had isolated right ventricular failure in their preparations. We can only conclude that the preparation they obtained was somewhat different from ours. They report that right ventricular systolic pressures were rarely increased in their animals, whereas these pressures were uniformly increased in ours. It is conceivable that the valvular dis- ease was more severe in our animals with extension of the defect in contractility to the opposite side, a phenomenon frequently seen in man21 and expected on the basis of the anatomy of the heart.22
The molecular weight of normal canine cardiac myosin appears to be about 226,000 from data based on 3 independent methods carried out in our laboratory.6 The value obtained from light-scattering is slightly highly (270,000), but this is typical of a technic that estimates weight-average rather than number-average molecular weight. On the other hand, the molecular weight obtained from studies of myosin from the failing heart is 690,000 from D, s, and v and 760,000 from light-scattering measurements. The ratio of corresponding molecular weights for normal and failing myosin is 1:3. Since the amino acid composition is essentially identical it appears that the myosin from the failing heart is a trimer of that from the normal heart. If we designate normal cardiac myosin as myosin C (for cardiac) and myosin from the failing heart as myosin F (for failure), the transformation may be summarized as follows: 3 myosin C->myosin F The stimulus for this transformation seems to be chronic stretch. It may be that distortion of the myosin rodlet (thick filaments) in the chronically stretched myofibril may be instrumental in stimulating mild denaturation of normal myosin, which, in turn Conditions: temperature 1 C.; 0.6M KCl; pH 6.8. of actomyosin from normal heart muscle and heart muscle obtained from dogs with right heart failure resulting from tricuspid insufficiency and pulmonic stenosis. They did observe, however, that certain preparations of actomyosin from the failing right ventricle heart muscle did show a slow component (probably myosin) present in the sedimentation pattern that was not present in controls. In other words, the behavior of actomyosin from the failing heart was not identical with that from normals. Nevertheless, these investigators concluded that "these data do not support the concept that the contractile proteins are altered in experimental heart failure." With regard to the work on actomyosin, it is probable that actomyosin formed during extraction of cardiac muscle by saline phosCirculation, Volume XXIV, August 1961 phate solution is a physiologic artifact. The electron microscopic studies of intact muscle fibers27 suggest that actin and myosin are segregated in a particulate structure involving the thick and thin filaments in the living cell.28 They appear to make contact only in a highly oriented manner during the contractile cycle. For this reason the studies of actomyosin, although controversial as noted, probably are not too informative about the state of the contractile proteins in the intact heart.
In the study reported more recently,"8 Davis and his co-workers undertook the characterization of cardiac myosin from normal dogs and from dogs with chronic congestive heart failure caused by tricuspid insufficiency and pulmonic stenosis. Their basic data are in fairly good agreement with ours as reported The measurements of the diffusion con- The changes in intrinsic viscosity observed and described by us were also observed by Davis and co-workers. They were particularly notable in observations made by them on myosin from right ventricular tissue from dogs in congestive heart failure. An elevated intrinsic viscosity was consistently found. In a few preparations a high intercept was noted for the normals, although this was not as frequent nor as marked as in the animals with failure. Davis and co-workers choose to ignore these viscosity findings, which are in good agreement with ours, and concluded that their viscosity measurements were unreliable. " The possibility must be considered," Davis states, " that viscosity measurements at very low concentrations do not represent the true viscosity of the solution. " The fact that their viscosity measurements were carried out at room temperature rather than at 1 C. makes it likely that denaturation of their normal preparation would occur with a higher frequency, which could account for the occasional higher intercepts noted in control preparations.
Without the additional support of measurements of light-scattering and equilibrium sedimentation behavior of these myosins, Davis et al. drew the conclusion that the molecular weight of cardiac myosin was in the range of 5 X 105 and that there were no Circulation, Volume XXIV, August 1961
